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They are chemically stable under acidic and alkaline conditions, and are easy to modify with functional groups that are of interest for chemical and biological use.
On the other hand, there have been reported various imprinted polymers 2, 3 featuring molecular recognition, which were prepared by polymerization in the presence of a target molecule. The resultant polymer resins afford unique micro-caves or -cavities to efficiently encapsulate the target molecular species. Thus, without sophisticated synthetic design, one can not obtain functional polymers for use in practical separation purposes that can cover even such an intriguing and subtle problem as enatiomeric separation. 2, 3 Imprinted polymers have also been applied to sensors 4 and catalysts. 5 We have studied the preparation of inorganic anion-imprinted polymers 6, 7 by surface template polymerization technique using oleylamine as a surfactant molecule that served also as an anchoring group for the template molecule to be bound on the surface of the resultant resin. This time, we applied the anionimprinting technique to the surfaces of microspheres.
Tsukagoshi and others 8 have already prepared metal ionimprinted microspheres, where carboxylate groups from the polymer chain offered metal binding sites on the microsphere surface. However, anion-imprinted microspheres have not yet been reported. So here we adopted a cationic site-providing monomer (4-vinylpyridine, functional monomer) in the preparation of microspheres and we used ferrocyanide ion as an imprinting anionic template. Each ferrocyanide ion carries a large negative (-4) charge and is expected to interact strongly with a protonated pyridinyl group, hopefully resulting in the preparation of microspheres that recognize ferrocyanide ion. This type of resin may also be of interest from the standpoint of developing an anion-exchange resin that can introduce a unique affinity/selectivity toward multivalent anions. Since the anionexchange site of ferrocyanide-imprinted resin is expected to have a high molecular density of pyridine or pyridinium functional residues combined with their unique molecular configuration fitted to ferrocyanide ion, the resin could also exhibit some special selectivity among other families of polyanionic species different from cyanometalate complex ainons.
In this paper, we prepared the ferrocyanide anion-imprinted microspheres. The microspheres obtained were characterized for the adsorption affinity of the ferrocyanide (template) ion as well as for the adsorption of other anions such as tripolyphosphate, pyrophosphate, and phosphate ions.
Experimental

Reagents and apparatus
Styrene, n-butyl acrylate, potassium ferrocyanide (Wako Pure Chemical Industries, Ltd.), 4-vinylpyridine (Tokyo Chemical Industry Co., Ltd.), potassium tripolyphosphate, potassium pyrophosphate, and potassium dihydrogen phosphate (Nakalai Tesque Co., Ltd.), were purchased and used without purification. Divinylbenzene (DVB, 97% purity) (a gift from Nippon Steel Chemical Co., Ltd.) was used after treatment with silica gel to remove a polymerization inhibitor. 2,2′-Azobis(2-amidinopropane) dihydrochloride (V-50) and 2,2′-azobis(4-methoxy-2,4-dimethylvaleronitrile (V-70) (Wako Pure Chemical Industries, Ltd.) were used as a radical polymerization initiator in the imprinting study. Other reagents were of commercially available grade.
The stock solutions (10 mM; mM = mmol dm -3 ) of phosphate (f = 1.000), tripolyphosphate (f = 0.992), and pyrophosphate (f = 1.026) were prepared as described in the previous paper. 7 The ferrocyanide solutions were prepared by dissolving potassium ferrocyanide just before use. Pure water was obtained from a Ferrocyanide-imprinted pyridine-carrying microspheres were prepared using ferrocyanide ions as a template. This method is based on a surface imprinting technique from the seed emulsion that consisted of 4-vinylpyridine (functional monomer), styrene, and butyl acrylate and a water mixture polymerization by a radical initiator. The ferrocyanideimprinted microspheres had about 200 times higher adsorption affinity over the non-imprinted microspheres in ferrocyanide (template) ion adsorption. This imprinted microspheres also adsorbed other tripolyphosphate, pyrophosphate, and phosphate anions much more strongly than the non-imprinted microspheres did, but were not particularly specific in ferrocyanide ion adsorption.
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Pure Line WL21 Water Purification System (Yamato Co., Ltd.). The microspheres were observed with a JEOL 6100 scanning electron microscope (SEM, JEOL Co., Ltd.). Figure 1 illustrates the concept and the procedure for the preparation of ferrocyanide-imprinted microspheres. The synthetic procedure is essentially similar to that described earlier; 8 it is divided into three steps.
Preparation of ferrocyanide-imprinted microspheres
Step 1: First, the seed emulsion was prepared as follows. Styrene (matrix-forming monomer, 13.0 g), n-butyl acrylate (matrix-forming monomer, 2.0 g), 4-vinylpyridine (functional monomer, 1.0 g), and water (50 g) were placed in a flask (100 ml). Hydrochloric acid was added to adjust the pH of the aqueous phase to 3.0. After addition of polymerization initiator (V-50, 0.1 g), the mixture was stirred vigorously with a magnetic stirrer and heated at 70˚C under nitrogen atmosphere for 4 h. This gave a seed emulsion mixture.
Step 2: A part of the seed emulsion (4.0 g) was taken and combined with n-butyl acrylate (0.5 g), divinylbenzene (matrix cross-linking monomer, 2.0 g), and water (50 g) in a flask (100 ml). The mixture was stirred for 12 h under nitrogen at room temperature, while the seed emulsion particles were allowed to swell with divinylbenzene and n-butyl acrylate.
Step 3: Potassium ferrocyanide was added (template, 0.38 mmol), allowing ferrocyanide ions and cationic pyridinyl groups to form complexes at the surface of emulsion polymer particles. An initiator (V-70, 0.1 g) was added to the mixture, and the mixture was kept at 30˚C under nitrogen atmosphere for 12 h so that the polymerization of divinylbenzene and n-butyl acrylate took place within the microparticles so as to fix the functional configuration around the complex.
After the polymerization, the microspheres obtained were collected with 200 ml of 0.1 M potassium hydroxide. They were washed thoroughly two more times with 0.1 M potassium hydroxide (200 ml) to remove the ferrocyanide ions and then the microspheres were dried in vacuo for 12 h (yield 1.7 g). The recovery of the ferrocyanide ion in the filtrate and washing solutions was determined by iron atomic absorption spectrophotometry.
Non-imprinted resins were prepared similarly to the way the imprinted microspheres were prepared, but without using the template. The dry weight of the non-imprinted microspheres was 1.8 g.
Adsorption of ferrocyanide ion onto the microspheres
The procedures of adsorption study were the same as those described in previous papers. 6, 7 The resin (0.100 g) and 0.01 M aqueous potassium chloride solution (10 ml) containing 0.05 mM ferrocyanide ion and appropriate acid and alkaline solutions were mixed in a ∼12 ml plastic tube. The tube was shaken for 12 h at 25˚C, and the pH of the solution was measured. The resin was filtered through a DISMIC-25 filter (Advantec Toyo Co., Ltd.), and the ferrocyanide ion concentration in the filtrate was measured. The ferrocyanide ion taken up from the solution to the resin was calculated from the difference between the initial and final ferrocyanide ion concentrations, which were determined with an AAS-645-11 atomic absorption spectrophotometer (Shimadzu, Ltd.). The adsorption behavior of phosphate, tripolyphosphate, and pyrophosphate ions was determined by similar operations. The concentrations of phosphate species were measured spectrophotometrically according to the reported method 9 using a U-3210 spectrophotometer (Hitachi, Ltd.).
Results and Discussion
The ferrocyanide-imprinted microspheres obtained were slightly skewed from spheres, as observed by SEM. The diameters of the imprinted microspheres ranged from 0.3 to 0.5 µm, while the non-imprinted particles were slightly smaller, the diameters being about 0.2 µm.
The adsorption of ferrocyanide ions on the microspheres from 0.05 mM ferrocyanide solution was examined, and the results are collected in Fig. 2 . An overall view gives bell-shaped adsorption isotherms against pH for both imprinted and nonimprinted resins.
On the high pH adsorption end, the ferrocyanide adsorption is considered to be limited by deprotonation of cationic pyridinium residues on the microsphere surface. In this context, the key pH range for the present cyanide adsorption to take place is reasonably related to the proton dissociation constant of pyridine itself (pKa,pyridine, 5.34). 10 The adsorption behavior of the non-imprinted resin happened to reflect this reference pH, i.e., the extent of adsorption at pH 5.3 amounts to roughly 50%. On the other hand, for the imprinted resin, the 50% adsorption point shifted upward to pH ∼7.5. This is in accord with the idea presented in However, after mono-protonation the ferrocyanide species still remain negatively multiple-charged, which makes the interaction of ferrocyanide species with pyridinium groups effective well below pH 4. As a whole, the imprinting resulted in a wider pH range of ferrocyanide adsorption capability especially at the higher pH end, where the imprinted microspheres seem to offer about 200 times higher affinity than the non-imprinted microspheres, as judged from the 50% adsorption capability (pH50% difference, ∼2.2). On the other hand, one may notice that the maximum adsorption by the imprinted microspheres under optimal pH conditions does not reach the adsorption value exhibited by the non-imprinted microspheres. This behavior is to be connected with the fact that the number of pyridinyl residues in the imprinted microspheres available for interaction with ferrocyanide ion in the adsorption study is smaller at least by 32% than that available in non-imprinted microspheres: A ferrocyanide template recovery study indicated that only 68% of the template ion used in the polymerization was recovered after imprinting. In other words, the rest (32%) of the ferrocyanide ion was retained in the bulk polymer phase of the imprinted microspheres, presumably in the form of "tetrapyridinium ferrocyanide" type ion-pair complexes. However, on the other hand, this fact in turn means that a strong ferrocyanide affinity of the imprinted resin at high pH adsorption end is in fact attained with a much smaller total number of pyridinyl functional groups (four pyridinyl residues are consumed per one ferrocyanide ion that is retained in the "bulk" microsphere phase). In effect, this further strengthens the understanding that the effective organization of pyridinyl groups in the imprinted resin surface is a primary origin of the strong ferrocyanide affinity exhibited by the imprinted microspheres.
We also investigated the adsorption behavior of other
Ka4,ferrocyanide
inorganic polyvalent anions. Condensed phosphate anions at 0.10 mM concentration were studied under varying pH conditions. The results are summarized in Fig. 3 . Though condensed phosphates are not the imprinted ions themselves, their binding behavior toward the microspheres may conveniently be discussed in terms of "imprinting effect" and "ordinary electrostatic effect" (including hydrogen-bonding effect). A general inspection of the figures again indicates a bell-shaped or a half bell-shaped isotherms along the pH axis. This is in line with the proton association/dissociation behavior of the resin functional groups and the substrate oxyanions. The proton dissociation constants of phosphoric acid and condensed phosphoric acids are as follows: phosphoric acid, pKa1-3: 2.14, 7.20, 12.34; pyrophosphoric acid, pKa1-4: 1.52, 2.01, at pH 8.0, the major species are HPO4 2-, HP2O7 3-, and HP3O10 4-. The substrate adsorption affinity at the high pH end follows the order: tripolyphosphate > pyrophosphate > phosphate for both the imprinted and the non-imprinted resins. This suggests that an essentially electrostatic effect prevails in the binding of substrate anions with the cationic ion exchange sites on the microspheres.
For the high pH adsorption ends, the imprinted resin indicates a much greater affinity toward substrate polyvalent anions. This is in accord with the presence of multi-cationic, imprinted molecular binding sites on the imprinted microsphere surface, as depicted in Fig. 1 . At an imprinted anion-exchange site, several protonated pyridinyl groups are supposed to be present in a converging fashion which are ready to cooperate together in binding the substrate anion, while at a non-imprinted anionexchange site the pyridinyl groups, if ever present in multiple numbers, are not ready to cooperate in effectively capturing the substrate anion.
As for the adsorption capacity of the resins, there are not many differences between the imprinted and non-imprinted resins when pyrophosphate and tripolyphosphate adsorptions are concerned. However, a definite discrepancy is observed when phosphate adsorption is concerned. Figure 3(c) indicates that the imprinted resin has a much greater capacity than the non-imprinted resin. This behavior for phosphate adsorption seem to involve two factors: (i) the affinity of imprinted resin toward phosphate is not very much different from those toward tripolyphosphate and pyrophosphate, while (ii) the affinity of non-imprinted resin toward phosphate is considerably reduced from those toward tripolyphosphate and pyrophosphate. This anomaly is considered along with phosphate adsorption in what follows.
In an ordinary ion-exchange process, the affinity of inorganic anions to the cationic resins decreases rather sharply as the charge number of the anions decreases ("electrostatic effect"). This is clearly observed in Fig. 3 with non-imprinted resin, but not so clearly with the imprinted resin. This phenomenon is presumably caused by the overlap of the "imprinting effect." However, it was quite unexpected that the imprinted resin indicated both much higher affinity and capacity over the nonimprinted resin in the adsorption of phosphate ion, since the ionic size of the imprinted ferrocyanide is far greater than the size of phosphate. Ferrocyanide has an ionic diameter of 0.62 nm (calculated on the computer software CS Chem3D & MOPAC, Cambridge Soft Corp.), while the ionic diameter of phosphate anion is 0.26 nm. The anomaly in the phosphate adsorption by the imprinted resin may be resolved by assuming that the two phosphate anions are simultaneously incorporated in a single ferrocyanide-imprinted binding site. This bimolecular binding can result in an increase in the capacity of phosphate adsorption, making it even greater than the ferrocyanide-and tripolyphosphate-binding capacities.
A bimolecular encapsulation could be one of the clues in understanding the phosphate adsorption shown in Fig. 3 . However, the chemistry involved in the phosphate and condensed phosphate adsorption does not seem so simple. For example, while the anion-binding capacity of the imprinted resin is smaller than that of non-imprinted resin in the adsorption of ferrocyanide, the opposite holds in the adsorption of phosphate and condensed phosphates. Other factors such as hydrogen-bonding may also have to be considered in the ionexchange process. Hydrogen bonding between pyridinium proton and oxyanions can be quite an effective intermolecular interaction. On the other hand, hydrogen bonding interaction between pyridinium proton and ferrocyanide ion may not be effective, since the negative charge on ferrocyanide is delocalized over the entire molecular skeleton. In other words, the nature of interactions between the imprinted cationic cavity and the incoming anionic substrate could be very much different for ferrocyanide and phosphate/condensed phosphates. More study is needed to understand the chemistry involved.
In conclusion, we first prepared anion-imprinted pyridinecarrying microspheres using ferrocyanide ions as a template based on the surface imprinting technique. The ferrocyanideimprinted microspheres revealed about 200 times higher adsorption affinity over the non-imprinted microspheres in ferrocyanide ion adsorption. The imprinted microspheres also adsorbed tripolyphosphate, pyrophosphate, and phosphate anions much more strongly than the non-imprinted microspheres did. In this respect, the ferrocyanide-imprinted microspheres obtained were not particularly specific in ferrocyanide ion capturing in the notion of attempted "ferrocyanide-imprinting". However, the imprinting provided the microspheres with some unique molecular binding sites for phosphate/condensed phosphate anions (and possibly even for other inorganic polyanions). In this meaning, the present anionimprinting study gave some useful synthetic tools for the preparation of microsphere-type anion exchangers, whose anion-binding selectivity can be modified in some unique manner through imprinting.
